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Abstract 
Rheological measurements of high melt strength polypropylene (HMS-PP) were used in order to generate master curves 
describing the shear-dependent viscosity in comparison to acrylonitrile butadiene styrene copolymer (ABS). The latter 
material showed specific disadvantages in terms of thermal stability, whereas HMS-PP showed a more stable behavior at the 
investigated temperatures. Hereafter, the material was used in a fused deposition modeling additive manufacturing process, 
focusing on the investigation of possible improvements of HMS-PP over ABS. Based on the extrusion parameters for ABS, 
adapted parameters for HMS-PP were determined using a fused deposition modeling test bench. The rheological survey 
clearly showed changes in the melt viscosity of both ABS and HMS-PP due to thermal degradation. However, the 
comparison of rheological data of the virgin materials with those of printed material showed negligible changes. This leads to 
the conclusion that the thermal degradation of HMS-PP and ABS during the fused deposition modeling process is negligible, 
due to the short exposure time to elevated temperatures. Copyright © 2017 VBRI Press. 
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Introduction 
Fused deposition modeling (FDM) is a method of additive 
manufacturing (AM) which operates by extruding 
thermoplastic material [1]. Herein a wide variety of 
filament materials can be used, however the most 
commonly used is Acrylonitrile butadiene styrene (ABS), 
followed by polycarbonate (PC), polylactic acid (PLA) 
and polyphenylsulfone (PPSF), among others [2]. ABS is 
produced by polymerizing acrylonitrile and styrene 
monomer in the presence of polybutadiene (PB) by 
emulsion or continuous mass technique, resulting in a PB 
rubber crosslinked by styrene-co-acrylonitrile (SAN) 
where the SAN to PB ratio can be varied [3]. The 
mechanical properties and thermal degradation processes 
of ABS have already been the subject of many studies, for 
example [4] and [5]. 
A different material, featuring similar good properties 
yet not being used in FDM is high melt strength 
polypropylene (HMS-PP) which is produced by grafting 
butadiene to the polypropylene chain to obtain long-chain 
branching [6]. The aim of this research contribution was 
to study the possibility of using this material for FDM. 
So, HMS-PP (Borealis WB 140 HMS) and ABS filament 
(Firstcom [3D001-1.7MM-NT.44MF]) were studied in a 
plate-plate rheometer to generate a full description of their 
melt-viscosity, and to show the rheological changes due 
to thermal degradation during extrusion. Furthermore, the 
impact of the degradation during extrusion in the printer 
should be examined by comparison of the rheological data 
of the printed and unprinted material. 
 
Background 
Viscoelastic liquids behave elastic and viscous at the 
same time. Depending on the velocity of deformation the 
elastic- or viscous component dominates the substances 
characteristics. Above the melting point (Tm) (partially 
crystalline thermoplasts) and the glass transition 
temperature (Tg), respectively (amorphous thermoplasts), 
polymers are viscoelastic liquids. To determine their so-
called linear-viscoelastic region via amplitude sweep, the 
sample is placed in a plate-plate rheometer and deformed 
with a constant frequency and increasing strain. Within 
the linear-viscoelastic region a frequency sweep can be 
carried out with certain frequencies [1] to measure the 
according torsional moments and shear stresses in order to 
calculate the rheological relevant data storage modulus 
G’, loss modulus G” and complex viscosity. Due to the 
Cox-Merz rule the frequency sweep covers a wide range 
of shear rates which is needed to study the liquid polymer 
properties during extrusion (high sear rates) and the end 
of extrusion and tearing off of the filament (very low 
shear rates) [7]. 
The time temperature superposition principle is a 
property which is only valid for certain viscoelastic 
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liquids. It is characterized by the fact that rheological 
curves, measured at different temperatures, and plotted in 
double-logarithmic scale, are just shifted. If the 
temperature dependency of the material’s relaxation time 
is equal, the material features thermo-rheological simple 
behavior. In this case a shifting factor aT along the 
frequency- and time axis can be calculated according to 
equation (1) [7]. 
𝑎𝑇 =
𝑥𝑇𝑟𝑒𝑓
𝑥𝑇
 
Equation (1) aT is the shifting factor in x-direction, xTref is 
the x-coordinate of the crossover point at reference 
temperature and xT is the x-coordinate of the crossover 
point of the measured curve. 
For the rheological measurements is assumed that 
sample preparation took place in the same procedure for 
all measurements and can therefore be neglected for 
drawing conclusions. 
 
Experimental 
Rheological measurements 
Rheological measurements were carried out with a plate-
plate rheometer Physica MCR 301. Therefore samples of 
25 mm diameter and 1.2 mm height were produced by 
compression molding (5 bar, 180 °C) of the primary 
material, ABS filament and HMS-PP (Borealis WB  
140 HMS) granulate. To verify the linear-viscoelastic 
region, amplitude sweeps were carried out at 170 °C, 
190 °C, 220 °C and 250 °C, respectively. According to 
the resulting graph, presented in (Fig. 1) linear 
viscoelasticity is fulfilled until a deformation of 20 %. 
However, frequency sweeps were carried out within a 
strain of 1-2 %. 
 
 
 
Fig. 1. Amplitude sweep of ABS measured at 170 °C. Stress rates up to 
20 % are lying in the viscoelastic region. Graphs of measurements at 
higher temperatures as well as for HMS-PP are included in (Fig. I) in 
the section of supporting information. 
 
The intention of the time sweeps for a period of 
120 min was to check if the material would be stable 
enough to enable measurements under the desired 
conditions: technical nitrogen atmosphere and elevated 
temperatures of 170 °C, 190 °C, 220 °C and 250 °C. 
The main part of the rheological survey represented the 
frequency sweep measurements under the same 
conditions in order to calculate the master curves 
according to the time-temperature-superposition principle 
as well as comparing the “virgin” material prior to 
printing to printed probes. 
 
FDM-experiments 
Extrusion tests were carried out at the Fablab of the 
Technical University of Denmark (DTU) on the FDM test 
bench [8], which was designed to simulate the extrusion 
of FDM printing but was orientated horizontal. Therefore, 
the test bench was orientated vertically, so the extrusion 
took place in direction of gravitational force, the same 
way as extruders are usually orientated in 3D-Printers. 
The two different extruder types E3D-V6 with 0,35 mm 
nozzle and J-Head with 0,4 mm nozzle, specifications can 
be seen in table 1, were utilized alongside the desktop 3D 
printer WANHAO Duplicator 4 [9] with 0,4 mm nozzle. 
Every extrusion was recorded with a microscope camera. 
For extrusion experiments with HMS-PP, two 
filaments, HMS-PP 1,9 mm and HMS-PP 1,75 mm, were 
available. Deriving from the conversion process of 
granulate into filaments, their quality in terms of constant 
diameter and surface smoothness was absolutely distinct.  
HMS-PP 1,9 mm showed a diameter fluctuation of 
around ±0,3 mm and an opaque and rough surface. It was 
utilized to determine principal extruding behavior and the 
optimal extrusion temperature using the E3D-V6. 
HMS-PP 1,75 mm showed diameter fluctuations below 
±0,03 mm, higher surface smoothness and was equally 
opaque. It was used for extrusion experiments with the 
3D-printer, since it was comparable to the commercial 
ABS 1,75 mm filament, unlike the HMS-PP 1,9 mm. 
 
 
 
Fig. 2. (a) Time sweep of ABS at 180 °C and (b)Time sweep of HMS-
PP at 250 °C. ABS are stable at lower temperatures of 180 °C because 
the deviation of the complex viscosity is lower than 5 %. For HMS-PP 
this is true even at 250 °C. 
a)
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Results and discussion 
Rheological measurements 
The measured time sweeps presented in (Fig. 2a, b) show 
that the deviation of the complex viscosity is below 5% 
for ABS up to temperatures of 180 °C and for HMS-PP 
up to 250 °C. The increasing slopes for ABS in (Fig. 3) 
indicate that the conventional material for additive 
manufacturing is not as stable as the studied new material 
HMS-PP. ABS is being degraded due to the thermal 
energy which results in chain scission or cross-linking [5]. 
The decreasing trend for HMS-PP derives from further 
interconnections activated through the elevated 
temperature. This is due to the manufacture mechanism of 
HMS-PP, namely grafting butadiene to the polypropylene 
chain, where residues of the monomer stay present in the 
material [6]. 
 
 
 
 
Fig. 3. (a) Time sweep of ABS at 220 °C, (b)Time sweep of ABS at 
250 °C. Increasing slopes indicate that the material undergoes further 
reactions. 
 
The data points obtained through frequency sweeps at 
170 °C, 220 °C and 250 °C, respectively, presented in 
(Fig. II) in the section of supporting information, were 
shifted according to their factor aT presented in Table 2.  
 
Table 2. Parameter values for the calculation of the master curves. 
 
 ABS HMS-PP 
T°C 170 220 250 170 220 250 
aT 9.127 0.177 0.041 4.485 0.555 0.195 
aTcorr 7.000 0.135 0.043 2.400 0.400 0.090 
bT 1.710 1.000 1.000 1.170 0.820 0.550 
 
The crossover points were brought to superimpose with 
the reference temperature of 190 °C more precisely by 
optical correction, resulting in aTcorr. The final master 
curves (rectified by outliers) are presented in (Fig. 4). 
 
 
 
 
Fig. 4. (a) Master curve of ABS at 190 °C, (b) Master curve of HMS-PP 
at 190 °C. 
 
To determine if the degradation during the extrusion in 
the printer influenced the rheological properties 
significantly, G’ and G” curves of printed material were 
plotted in comparison to “virgin” probes in (Fig. 5). It is 
easily seen that the loss modulus G” did not change 
notably, whereas the storage modulus G' shows some 
minor deviation for lower frequencies in both materials. 
The deviation in ABS is bigger than in HMS-PP but in 
general not significantly, so both materials are stable 
during extrusion. It has to be taken into account that the 
“virgin” data of HMS-PP represents granulate, which was 
fused into a filament prior to printing, resulting in two 
thermal treatments, whereas “virgin” ABS is the filament 
itself, so printing is the only thermal treatment. 
Furthermore, in the case of ABS two samples were 
extruded at different speeds (20 and 110 mm per minute), 
which did not result in any difference. 
 
FDM-experiments 
ABS tended to smudge the nozzle due to oozing, so there 
were difficulties obtaining clean straight fused filaments. 
After stopping the extrusion process, additional material 
flowed out of the nozzle due to heat and gravitation and 
formed a thin fused filament, which stuck to the hot 
nozzle. 
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Fig. 5. (a)Comparison of virgin ABS to printed ABS measured at 
190 °C, (b)Comparison of virgin HMS-PP to printed HMS-PP measured 
at 190 °C. 
 
In case of no interaction between residues of 
preliminary extrusions ABS showed a very smooth and 
constant extrusion behavior where length and diameter of 
the fused filaments varied according to extrusion speed. 
Lower speed, for instance 22 mm/min resulted in a longer 
dwelling time inside the nozzle and therefore in higher 
elongation due to gravitational force. Fused filaments 
extruded with up to 110 mm/min resulted to be shorter 
and thicker. (Fig. III) in the section of supporting 
information graphically presents the connection of 
extrusion speed to fused filament length. 
A good compromise of fast printing and thin filaments 
could be achieved using the J-Head at 243 °C set 
temperature with an extrusion speed between 60 and 
80 mm/min. It was observed that the fused HMS-PP 
filament expands to a thickness of about 1 mm directly 
after the nozzle before solidification, resulting in thick 
filaments. Fused filaments with very small diameters, 
comparable to those of ABS, could be obtained by 
assisting the gravitational force through pulling down the 
fused filament. Contrary to ABS the fused HMS-PP 
filament tears off by itself after stopping the motor and 
the residual material contracts back into the nozzle. So 
there is no oozing and the nozzle tip is left clean. This 
behavior was observed at all examined temperatures 
between 160 °C and 260 °C as well as with an extruding 
speed varying from 10 mm/min to 140 mm/min. Images 
illustrating the HMS-PP and ABS extrusion are presented 
in (Fig. 6).  
 
Fig. 6. (a)Extrusion of HMS-PP with a 0,4 mm nozzle at 200 °C set 
temperature under gravitational force,  (b)Extrusion of HMS-PP with a 
0,4 mm nozzle at 200 °C set temperature while pulling down the fused 
filament,  (c) Extrusion of ABS with a 0,4 mm nozzle at 243 °C set 
temperature under gravitational force. 
 
The 1,75 mm filament showed similar behavior in the 
printer as the thicker filament in the simulation: lower 
temperatures, between 180 °C and 200 °C as well as slow 
extruding speeds of 0,5 rpm led to faster solidification and 
smoother filaments with less curling and surface 
roughness or diameter variation than higher temperatures 
and faster extrusion speeds. 
To overcome the problem of connecting the molten 
filament to the platform, which was tempered at 130 °C,  
masking tape was applied to increase the surface 
roughness. Still the initial connection point had to be 
supported using a tweezer and the printed material only 
stuck to the platform as long as it was liquid, but the 
congealed parts detached easily. 
Raising the extrusion temperature to 240 °C resulted in 
an improvement of forming the initial connection and the 
printed line stuck to the plate for a longer time since it 
took longer to congeal. That is why the line did not detach 
during printing but only in the intent to stop printing and 
disconnect the nozzle vertically from the extruded 
material. So the extruder had to be moved further 
horizontally in printing direction to enable disconnecting 
without detaching the whole printed line.  
In the section of supporting information a video is 
included demonstrating the final success of printing a 
second line on top of the first one, which resulted in a 
very good compound due to the high printing 
temperatures. The only problem was maintaining the 
initial layer in place, so this has to be further improved in 
following studies. 
 
Conclusion 
The comparison of the time sweep allowed the conclusion 
that HMS-PP is more stable by showing less variation 
during the studied period of two hours. ABS degrades by 
chain scission and cross-linking mechanism due to the 
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thermal energy [5] while HMS-PP builds further 
interconnections activated through the elevated 
temperature because of butadiene monomer residues still 
present in the grafted copolymer [6]. The master curves of 
ABS concluded that data measured at 250°C deviates 
significantly from the curves derived from measurements 
at lower temperatures. In particular, the storage modulus 
and complex viscosity data of ABS 250 °C could not be 
used to enlarge the master curve values. HMS-PP showed 
a more stable behavior at the studied temperatures and all 
data points were suitable to create the master curves. 
Comparison of the primary material with the printed 
material showed negligible changes in the measurement 
curves which could lead to the conclusion that 
degradation of HMS-PP during the FDM process is as 
low as the degradation of ABS. 
ABS extrusion simulation using an FDM machine with 
J-Head extruder and 0.4 mm nozzle-diameter led to the 
parameters of 243 °C extrusion temperature and optimal 
printing speed of 60 to 80 mm/min while the fused 
filament length and diameter were depending on the 
extrusion speed. 
Adapted extrusion parameters for HMS-PP resulted to 
be a minimum nozzle-diameter of 0.4 mm nozzle-
diameter optimal extrusion speed of 0.5 rpm and 
temperatures between 200 °C and 240 °C, dependent on 
the desired speed of solidification. To achieve a good 
connection of the material to the printer platform 240 °C 
are necessary. Gravitational force and oozing resulted to 
show a large impact on ABS extrusion while HMS-PP 
was not influenced by these circumstances. 
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Supplementary Information 
 
 
 
 
 
Fig. I. (a)Amplitude sweep of ABS at 250 °C, (b)Amplitude sweep of 
HMS-PP at 170 °C, (c) Amplitude sweep of HMS-PP at 250 °C. 
 
 
 
 
 
 
 
Fig. II. (a) Frequency sweeps of ABS measured at 170 °C, 190 °C, 
220 °C and 250 °C, (b) Frequency sweeps of HMS-PP measured at 
170 °C, 190 °C, 220 °C and 250 °C. Because of the thermo-rheological 
simple behavior the rheological curves could be shifted according to the 
time temperature superposition principle to form a single master curve 
each. 
 
 
 
Fig. III. Connection of extrusion speed to fused filament length for ABS 
at 243 °C extrusion temperature. 
 
 
 
 
 
